Insufficient feed intake during early lactation results in elevated body fat mobilization to meet energy demands for milk production. Hepatic energy metabolism is involved by increasing endogenous glucose production and hepatic glucose output for milk synthesis and by adaptation of postcalving fuel oxidation. Given that cows differ in their degree of fat mobilization around parturition, indicated by variable total liver fat concentration (LFC), the study investigated the influence of peripartum fat mobilization on hepatic gene expression involved in gluconeogenesis, fatty acid oxidation, ketogenesis, and cholesterol synthesis, as well as transcriptional factors referring to energy metabolism. German Holstein cows were grouped according to mean total LFC on d 1, 14, and 28 after parturition as low [<200 mg of total fat/g of dry matter (DM); n = 10], medium (200-300 mg of total fat/g of DM; n = 10), and high (>300 mg of total fat/g of DM; n = 7), indicating fat mobilization during early lactation. Cows were fed total mixed rations ad libitum and held under equal conditions. Liver biopsies were taken at d 56 and 15 before and d 1, 14, 28, and 49 after parturition to measure mRNA abundances of pyruvate carboxylase (PC); phosphoenolpyruvate carboxykinase; glucose-6-phosphatase; propionyl-coenzyme A (CoA) carboxylase α; carnitine palmitoyl-transferase 1A (CPT1A); acyl-CoA synthetase, long chain 1 (ASCL1); acyl-CoA dehydrogenase, very long chain; 3-hydroxy-3-methylglutaryl-CoA synthase 1 and 2; sterol regulatory elementbinding factor 1; and peroxisome proliferator-activated factor α. Total LFC postpartum differed greatly among cows, and the mRNA abundance of most enzymes and transcription factors changed with time during the experimental period. Abundance of PC mRNA increased at parturition to a greater extent in high-and medium-LFC groups than in the low-LFC group. Significant LFC × time interactions for ACSL1 and CPT1A during the experimental period indicated variable gene expression depending on LFC after parturition. Correlations between hepatic gene expression and performance data and plasma concentrations of metabolites and hormones showed time-specific relations during the transition period. Elevated body fat mobilization during early lactation affected gene expression involved in gluconeogenesis to a greater extent than gene expression involved in lipid metabolism, indicating the dependence of hepatic glucose metabolism on hepatic lipid status and fat mobilization during early lactation.
INTRODUCTION
The transition from gestation to lactation involves distinctive changes in carbohydrate and lipid metabolism in dairy cows, due to the fact that the energy demand for milk production increases largely after parturition, and nutrient intake during early lactation is not capable to meet energy requirements (Ingvartsen and Andersen, 2000; Drackley et al., 2001 ). During this time, dairy cows undergo a period of negative energy balance (NEB) that is characterized by the mobilization of body reserves of different tissues, in particular adipose tissue, even when voluntary feed intake increases. In this regard, lipid mobilization in early lactation is considered as noncompromised and varies largely among cows (Ingvartsen et al., 2003) . When blood NEFA concentrations increase, NEFA will be taken up by the liver gradually and will be either completely oxidized to carbon dioxide, incompletely oxidized to ketone bodies, or reesterified and stored as triacylglycerides (Herdt, 2000; Drackley et al., 2001; Bobe et al., 2004) . Severe NEB linked with excessive fat mobilization and fatty liver may lead to metabolic related diseases, such as ketosis and fatty liver disease in dairy cows (Goff and Horst, 1997; Herdt, 2000; Geelen and Wensing, 2006) . Prior investigations established huge variations among dairy cows in coping with these metabolic challenges during the transition from pregnancy to lactation. Consequently, some cows are able to adapt very well to new metabolic requirements in early lactation, whereas others do not (Goff and Horst, 1997; Herdt, 2000) . The processes of metabolic adaptation depend also on individual cow factors and not only on environmental and management conditions (Jorritsma et al., 2003; Hammon et al., 2009; van Dorland et al., 2009) .
The investigation of factors that can predict the metabolic status of dairy cows and the potential susceptibility for periparturient disorders is the focus of many studies and gains on importance in dairy cattle management. We have recently established that liver fat concentration (LFC) after parturition is an indicator for fat mobilization during the transition period and, therefore, a useful marker for the metabolic load in dairy cows during this time Weber et al., 2013) . In addition, huge variation was observed among cows with same level of milk production concerning the degree of fat mobilization and the degree of fat mobilization was related to DMI, NEB, and plasma concentrations of glucose, NEFA, and BHBA Weber et al., 2013) . These findings suggest different metabolic strategies among cows to support energy demands for milk synthesis during early lactation.
Due to the elevated glucose demand for milk synthesis at the beginning of lactation, the liver increases glucose production, and hepatic glucose output markedly increases to cover glucose demands of the mammary gland (Drackley et al., 2001; Reynolds et al., 2003; Aschenbach et al., 2010) . Because of the elevated glucose demands and the insufficient energy intake during early lactation, metabolic and endocrine changes support adaptation of hepatic energy metabolism at the beginning of lactation by stimulating gene expression of transcription factors and enzymes involved in glucose production, FA oxidation, and ketogenesis in the liver (Greenfield et al., 2000; Loor et al., 2005; Loor, 2010) . The expression of genes involved in hepatic energy metabolism are affected by diet and nutrient intake (Velez and Donkin, 2005; Loor et al., 2006) , but also vary among cows with different metabolic types or variation in postcalving energy mobilization (van Dorland et al., 2009; Hammon et al., 2009) . Therefore, changes in LFC, which mirror variations in body fat mobilization and energy metabolism after parturition, may affect hepatic gene expression of key enzymes involved in gluconeogenesis, FA oxidation, and ketogenesis of dairy cows.
The objective of the present study was to determine differences in hepatic gene expression of key enzymes and transcription factors involved in carbohydrate and lipid metabolism in high-yielding dairy cows that vary in fat mobilization during the transition period and to relate time changes of hepatic gene expression data to performance and metabolic data that were published recently (Weber et al., 2013) . We hypothesized that gene expression with regard to hepatic carbohydrate and lipid metabolism may be impaired in cows with elevated hepatic fat accumulation. Our findings may contribute to the understanding of hepatic energy metabolism around parturition that relates to differing fat mobilization, which may help to identify strategies for metabolic adaptation of the liver during the transition from pregnancy to lactation.
MATERIALS AND METHODS

Animals, Husbandry, Feeding, and Milking
The experimental procedures were carried out according to the animal care guidelines and were approved by the relevant authorities of the State MecklenburgVorpommern, Germany (LALLF M-V TSD 7721.3-1.1-005/09). German Holstein cows (n = 27), with comparable milk production (second lactation >10,500 kg of milk in 305 d), were purchased from 4 local farms after about 300 DIM in second lactation. Cows were studied from wk 8 before parturition to 49 DIM in their third lactation. The drying off period started at wk 8 before expected parturition and cows received dry period therapy (Nafpenzal; Intervet Deutschland GmbH, Unterschleißheim, Germany). Cows were then kept in a freestall barn of the Leibniz Institute for Farm Animal Biology (FBN; Dummerstorf, Germany) to adapt to the new environmental conditions. Housing and feeding management was the same for all cows during the experimental period between wk 8 before parturition and 49 DIM. From d 10 before to d 1 after parturition cows were housed in calving boxes. Cows were clinically healthy and did not suffer from production diseases such as ketosis, fatty liver disease, rumen acidosis, milk fever, or displacement of abomasum, or from infectious diseases.
Diets were provided as TMR ad libitum. The TMR was placed in troughs on scales, which were connected to a computer, and individual feed intake was calculated for each day. Diets were fed at 0700 and 1600 h. Cows received separate dry-off (from wk 8 to 4 before calving), close-up (from wk 3 to calving), and lactation diets according to the recommendations of the German Society of Nutrition Physiology (2008) and based on grass and corn silages, as recently published (Weber et al., 2013) . Utilizable protein (g/kg of DM), NDF (g/ kg of DM), and NE L (MJ/kg of DM) were 127, 448, and 5.8 for the dry-off diet; 133, 357, and 6.4 for the close-up diet; and 164, 299, and 7.1 for the lactation diet, respectively. Details of ingredients and chemical composition of the different diets were recently published in our companion paper (Weber et al., 2013) . Dry matter, CP, ADF, NDF, starch, and sugar were determined according to Naumann and Bassler (2004) . The cows had free access to water. Cows were milked twice per day.
Based on mean LFC on d 1, 14, and 28 after parturition, cows were classified as low (LO; <200 mg of total fat/g of DM; n = 10), medium (MED; 200-300 mg of total fat/g of DM; n = 10), or high (HI; >300 mg of total fat/g of tissue DM; n = 7) fat-mobilizing groups (Weber et al., 2013) . Mean LFC on d 1, 14, and 28 after parturition for HI, MED, and LO were 351 ± 14, 250 ± 10, and 159 ± 9 mg/g of liver tissue DM, respectively. Milk yield was not different among LFC groups during the experimental period (LSM ± SE was 47.3 ± 1.3 kg/d; Weber et al., 2013 ).
Blood and Liver Tissue Sampling and Analyses
Blood samples were taken on d 56 and 15 before expected calving, 1 d after calving, and on 14, 28, and 49 DIM for determination of plasma concentrations of NEFA, BHBA, glucose, cholesterol, triglycerides, urea, insulin, glucagon, cortisol, leptin, adrenaline, and noradrenaline. Details for blood sampling and respective measurements were published recently in a companion paper (Weber et al., 2013) .
Liver biopsy samples were taken by needle biopsy under local anesthesia on d 56 and 15 before parturition and on d 1, 14, 28, and 49 after parturition. After cutting the skin, liver tissue was extracted using a tailor-made biopsy needle (outer diameter = 6 mm). Tissue samples (800-1,000 mg by 1 puncture) were immediately frozen in liquid nitrogen and stored at −80°C until analysis. Tissue was homogenized under liquid nitrogen for all analyses. For DM content of the liver, tissue samples were dried at 105°C for 3 h. Data for glycogen and fat concentrations in the liver were presented recently (Weber et al., 2013) .
Total RNA was isolated from liver samples, transcribed into cDNA, and purified as described by Hammon et al. (2003 Hammon et al. ( , 2009 . The integrity and purity of RNA were tested by measurement of optical density (ratios at 260 and 280 nm being greater than 1.9) and by electrophoresis using ethidium bromide staining. Genes associated with carbohydrate metabolism were cytosolic and mitochondrial phosphoenolpyruvate carboxykinase (cytosolic: PCK1; mitochondrial: PCK2), pyruvate carboxylase (PC), glucose 6-phosphatase (G6PC), and propionyl-CoA carboxylase α (PCCA). Genes associated with β-oxidation of FA were carnitine palmitoyl-transferase 1A (CPT1A); acyl-CoA synthetase, long chain (ACSL1); and acyl-CoA dehydrogenase, very long chain (ACADVL). 3-Hydroxy-3-methyl-glutaryl-CoA synthase 1 and 2 (HMGCS1 and HMGCS2) were genes associated with cholesterol biosynthesis and ketogenesis, respectively. The transcription factors sterol regulatory element-binding factor 1 (SREBF1) and peroxisome proliferatoractivated receptor α (PPARA) were genes associated with the regulation of lipid metabolism. Specific primer sequences were used as described in previous studies van Dorland et al., 2009; Graber et al., 2010) .
Relative mRNA expression to reference genes in liver tissue was done by real-time reverse-transcription PCR (LightCycler; Roche Applied Science, Mannheim, Germany) using SYBR Green I as fluorescent dye according to Pfaffl (2001) . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as reference gene, because it was not affected by LFC and time. Because β-actin (ACTB), which was also tested as reference gene, was influenced by time, it was excluded from quantitative analyses. After PCR, temperatures were checked for specificity of each product. Additionally gel electrophoresis of the PCR product demonstrated only a single band of the expected size. Products were verified by sequencing using an ABI Sequencing kit (ABI Big Dye Terminator; Applied Biosystems, Darmstadt, Germany) and an ABI 310 Genetic Analyzer (Applied Biosystems). Values of crossing point (quantification cycle, Cq) were corrected for different runs by an internal standard (ΔCq). In addition, ΔCq GAPDH was used to normalize measurements of target genes, as indicated by ΔΔCP = ΔCq target − ΔCq GAPDH (Hammon et al., 2003 ). Efficiency of PCR was close to 2 and inter-and intraassay coefficients of variation for reverse-transcription PCR of target and reference genes were <1% (Hammon et al., 2003 ).
Statistical Analyses
Statistical analyses were done with the SAS System for Windows, release 9.2 (SAS Institute, 2009). Dry matter and gene expression in liver were assessed by repeated-measurements ANOVA using PROC MIXED using an unstructured type of the block diagonal residual covariance matrix (SAS Institute, 2009 ). The ANOVA model used contained the fixed effects LFC (HI, MED, and LO), time (day relative to parturition), 5673 farm (levels: 1, 2, 3, and 4), the interaction LFC × time, and the covariates milk yield in second lactation, DIM of second lactation, and length of dry period. Nonsignificant covariates were removed in the final model.
For all data, separate analyses were performed for antepartum (d 56 and 15 before parturition), transition (d 15 before parturition, and d 1, 14, and 28 after parturition), postpartum (d 1, 14, 28, and 49 after parturition), and the entire time period of the study (d 56 before parturition to d 49 after parturition). Repeated measures on each animal were taken into account by the repeated statement of PROC MIXED. The least squares means and their standard errors were computed for each fixed effect in the ANOVA model to display the results. Additionally, all LFC differences of these least squares means were tested using the Tukey-Kramer procedure. The CORR procedure (SAS Institute, 2009) was used to calculate and test Pearson correlations by time between data on hepatic gene expression and data generated from measurements of metabolites and hormones in blood plasma and performance data. Test results (ANOVA, Tukey-Kramer, and correlations vs. 0) with P < 0.05 were considered as significant. Production data and plasma concentrations of metabolites and hormones as well as hepatic glycogen and total LFC were recently published in a companion paper (Weber et al., 2013) .
RESULTS
Hepatic DM and mRNA Expression of Genes in Glucose and Lipid Metabolism
Dry matter content of liver tissue was similar before parturition in all LCF groups (277 ± 4.5 mg/g of liver tissue), but increased around parturition and postcalving (P < 0.01) in all LFC groups, and was lowest in LO (P < 0.01) and highest in HI (P < 0.01) cows with respect to statistical analysis of the whole experimental period. Hepatic DM content (LSM ± SEM) for LO, MED, and HI cows during the transition period was 280 ± 3.8, 288 ± 4.1, and 315 ± 49 mg/g of liver, respectively, and during the postcalving period was 280 ± 4.6, 291 ± 4.9, and 317 ± 5.6 mg/g of liver, respectively.
Relative mRNA expression of PC was similar for all LFC groups during the dry-off period and increased (P < 0.001) at parturition in all LFC groups. With respect to whole time period as well as transition and postpartum period, mRNA abundance of PC was greater (P < 0.05 or less) in HI than LO cows (Table  1) . With respect to the transition period, abundance of PC mRNA remained elevated at 14 DIM in HI cows, but decreased to mRNA levels before parturition in MED and LO cows, resulting in a trend for higher PC mRNA abundance at 14 DIM in HI than in LO cows (P < 0.1). In addition, PC mRNA abundance was affected by length of dry period (ANOVA; P < 0.05). The mRNA expression encoding for PCK1 showed a trend for an LFC effect (P < 0.1; Table 1 ) and LFC × time interactions (P = 0.1) during the precalving period. Additionally, PCK1 mRNA abundance changed with time (P < 0.01) when evaluated for the transition, postpartum, and whole experimental period. Lowest PCK1 mRNA abundance was measured on d 1 after parturition, and mRNA abundance increased to 14 DIM in all LFC groups (P < 0.01). With respect to transition, postpartum, and whole experimental period, the mRNA expression for PCK2 increased (P < 0.05 or less) at parturition in all LFC groups and decreased to prenatal levels at 28 DIM (Table 1) . Abundance of PCK2 mRNA showed a trend for an LFC effect (P < 0.1) during the precalving period and LFC × time interactions (P < 0.1) during the entire period. With respect to transition and whole experimental period, the mRNA abundance for G6PC was affected by time (P < 0.01; Table 1), and increased from d 15 before parturition up to 14 DIM. Trends were observed for LFC × time interactions during the postcalving (P = 0.1) and entire period (P < 0.1). Precalving abundance of PCK1 and PCK2 mRNA as well as postcalving abundance of G6PC mRNA were affected by farm. The mRNA expression of PCCA mRNA tended to increase (P = 0.1; whole experimental period) after parturition, but was not affected by LFC (Table 1) .
The abundance of ACSL1 mRNA increased (P < 0.01; entire study and transition period) at parturition in all LFC groups and the increase was highest (P < 0.05; LFC × time interactions during the entire study; Table 1 ) in HI cows. Postcalving abundance of ACSL1 mRNA was affected by dry period length (ANOVA; P < 0.05). The abundance of CPT1A mRNA increased (P < 0.01; entire study and transition period) after parturition in all LFC groups, and the increase was highest in HI cows and lowest in LO cows (P < 0.01; LFC × time interactions during the entire study and the transition period; Table 1 ). The ACADVL mRNA abundance decreased (P < 0.01) during the precalving period in all LFC groups, but was not affected by LFC (Table 1) .
With regard to the whole experimental period, the mRNA abundance of HMGCS1 increased (P < 0.05) from d 56 before parturition to 28 DIM in all LFC groups (Table 1) . With respect to all calculated statistical models, ketogenesis-related mRNA abundance of HMGCS2 decreased (P < 0.05) during the dry-off period, indicating the lowest mRNA abundance at parturition, and increased (P < 0.05) after parturition to levels at dry off in all LFC groups. With respect to the transition period, a trend was observed for an LFC effect on HMGCS2 mRNA abundance (P = 0.1; Table  1 ). Abundance of HMGCS2 during the entire period was affected (P < 0.05) by milk yield in second lactation, indicating greater HMGCS2 mRNA abundance with greater milk yield in the second lactation. With respect to postpartum statistical calculation, a trend (P = 0.1) was observed for a time effect on mRNA expression of PPARA, but PPARA was not affected by LFC (Table 1) . Abundance of SREBF1 mRNA was affected by time (P < 0.05 or less; entire study and transition and postcalving periods) and increased before parturition in MED and HI cows, but decreased in LO cows (interaction LCF × time: P < 0.1; Table 1) , and decreased at parturition, but increased thereafter in all LFC groups.
Correlations Between mRNA Abundance of Hepatic Genes and Zootechnical Data and Plasma Metabolites and Hormones As Well As Hepatic Glycogen and Fat
Significant correlations between mRNA abundance and performance data, plasma metabolites and hormones, as well as LFC and hepatic glycogen concentrations are shown in Figure 1 , considering all 27 cows that were investigated in this study. Performance data, plasma concentrations of metabolites and hormones, and LFC and glycogen concentrations in the liver were recently presented in a companion paper (Weber et al., 2013) . The pattern of correlations (solid lines for positive, and dashed lines for negative correlations) changed among different time points. Details on respective correlations are shown in Supplementary Tables S1 to S6 (http://dx.doi.org/10.3168/jds.2012-6277).
On d −56, ACADVL and ACSL1 were positively correlated with plasma concentrations of NEFA, BHBA, and cortisol, but CPT1A was negatively associated with hepatic glycogen concentration. Concentrations of PCK1, PCK2, and G6PC mRNA were negatively correlated with plasma noradrenaline. Plasma cholesterol concentrations were positively correlated with PCCA, G6PC, CPT1A, PPARA, SREBF1, but not with HMGCS1 ( Figure 1A) .
On d −15, PC was positively correlated with the glucagon:insulin ratio in plasma, but PC and PCK1 were negatively correlated with plasma BHBA concentrations. A trend for a negative correlation was also observed between PC and DMI (r = −0.38; P < 0.1). Sterol regulatory element-binding factor 1 was positively correlated with plasma concentrations of cortisol and leptin, but was negatively correlated with glycogen concentration in liver ( Figure 1B) . On d 1, PC was positively correlated with plasma cortisol, but was negatively correlated with DMI. Plasma glucagon concentrations were negatively correlated with PCCA, CPT1, PPARA, and SREBF1, but plasma insulin concentrations were positively correlated with PCK1, PCK2, and ACSL1. In addition, PCK2 was negatively correlated with adrenaline, whereas PCK1 was negatively correlated with NEFA and noradrenaline. Hepatic glycogen concentration was negatively correlated with CPT1A and G6PC, and SREBF1 was positively correlated with plasma cortisol; ACADVL was positively correlated with NEFA ( Figure 1C) .
On d 14, PC was positively correlated with plasma concentrations of NEFA and BHBA, but was negatively correlated with plasma glucose and hepatic glycogen concentrations. Dry matter intake was positively correlated with PCCA, ACADVL, HMGCS2, and PPARA, and tended to be positively correlated with PCK1 (r = 0.36; P < 0.1) and PCK2 (r = 0.38; P < 0.1). Energy balance was positively correlated with PPARA; CPT1A was positively correlated with LFC. Acetone concentrations in milk were negatively correlated with PCCA and G6PC, and several hepatic parameters were positively correlated with milk protein and lactose concentrations ( Figure 1D ).
On d 28, ECM was positively correlated with PCK1 and PCK2, and PCK1 was positively correlated with milk fat concentration, but negatively with energy balance, whereas PCK2 was positively correlated with plasma concentrations of BHBA. Pyruvate carboxylase mRNA was negatively correlated with DMI and hepatic glycogen concentrations. Plasma adrenaline concentrations were positively correlated with PCCA, CPT1A, HMGCS1, and SREBF1, whereas plasma glucagon concentrations were negatively correlated with G6PC, PCCA, and CPT1A. Plasma insulin concentrations were negatively correlated with ACADVL ( Figure 1E ).
On d 49, PC was positively correlated with fat:protein ratio in milk and BHBA, but negatively with milk protein concentration, energy balance, and hepatic glycogen concentrations. Hepatic glycogen concentrations were also negatively correlated with PCK1, but positively with PPARA and SREBF1. Cytosolic phosphoenolpyruvate carboxykinase was positively correlated with plasma NEFA concentrations. Energy-corrected milk and LFC were positively correlated with CPT1A, but LFC were negatively correlated with ACADVL and PPARA ( Figure 1F ).
DISCUSSION
Cows investigated in this study markedly differed in their energy metabolism during the transition from pregnancy to lactation, indicated by highly variable fat . LFC = liver fat concentration; PC = pyruvate carboxylase; PCK1 = cytosolic phosphoenolpyruvate carboxykinase; PCK2 = mitochondrial phosphoenolpyruvate carboxykinase; G6PC = glucose 6-phosphatase; PCCA = propionyl-CoA carboxylase α; ACSL1 = acyl-CoA synthetase, long chain 1; CPT1A = carnitine palmitoyl-transferase 1A; ACADVL = acyl-CoA dehydrogenase, very long chain; HMGCS1 = 3-hydroxy-3-methyl-glutaryl-CoA synthase 1; HMGCS2 = 3-hydroxy-3-methyl-glutaryl-CoA synthase 2; PPARA = peroxisome proliferator-activated receptor α; SREBF1 = sterol regulatory element-binding factor 1. 5677 mobilization and LFC. We have investigated pre-and postcalving changes of key hepatic factors involved in gluconeogenesis, β-oxidation, ketogenesis, and cholesterol synthesis, as well as regulatory nuclear factors. Correlations performed in this study focused on the relationship between production data as well as plasma concentrations of metabolites and hormones with gene expression data of hepatic factors at same time points. We intended to investigate the influence of extra-hepatic parameters (and hepatic glycogen concentration and LFC) on hepatic gene expression related to energy metabolism. Correlations within gene expression of hepatic enzymes were not performed to avoid an overwhelming number of relationships among hepatic enzymes and regulatory factors that were recently shown (van Dorland et al., 2009; Loor, 2010) .
Associations of Metabolites and Hormones and Effects of Fat Mobilization on Gene Expression of Hepatic Enzymes Involved in Gluconeogenesis
Pyruvate carboxylase, phosphoenolpyruvate carboxykinase, propionyl-CoA carboxylase, and glucose 6-phosphatase play crucial roles in bovine hepatic gluconeogenesis to ensure a high glucose output during early lactation for milk synthesis (Baird et al., 1968; Donkin, 1999; Aschenbach et al., 2010) . Hepatic gene expression of most of these enzymes increased during the transition from pregnancy to lactation, but time changes differed among enzymes. Gene expression of PC, PCK2, and G6PC increased immediately at parturition, whereas PCK1 mRNA increased 2 wk after parturition and time changes of PCCA mRNA after parturition were weak. Comparable time patterns were described in previous studies (Greenfield et al., 2000; Hammon et al., 2009; van Dorland et al., 2009) , indicating different regulation of genes involved in gluconeogenesis with the onset of lactation. Due to insufficient feed intake at parturition, a shift occurs in substrate availability for hepatic gluconeogenesis [i.e., fractional lactate, amino acids (especially alanine)], and glycerol utilization increases, but fractional propionate utilization for gluconeogenesis decreases (Lomax and Baird, 1983; Reynolds et al., 2003; Aschenbach et al., 2010) . These changes in substrate availability might favor gene expression of PC and PCK2 instead of PCK1 (Brockman, 2005) . Interestingly, PC, but not PCK1, mRNA abundance increased during feed restriction in dairy cows (Velez and Donkin, 2005) , indicating comparable mRNA expression patterns of PC during the early transition period and feed restriction.
The increased PC mRNA coincides with the time point of maximal reduced feed intake (Greenfield et al., 2000; Loor et al., 2006) . We have found a negative association between hepatic PC mRNA abundance and DMI at parturition, but also at d −15 (P < 0.1) and 28. At parturition, PC mRNA abundance increased much more in HI and MED cows than in LO cows. Recent findings in the liver of dairy cows indicated elevated hepatic PC concentrations on protein expression of PC when LFC was elevated after parturition (Sejersen et al., 2012) . At the same time, DMI was lower in cows with elevated LFC Sejersen et al., 2012; Weber et al., 2013) . Dry matter intake has a significant effect on hepatic PC gene expression at parturition. Reduced DMI is associated with elevated plasma NEFA concentrations around parturition in dairy cows (Ingvartsen and Andersen, 2000; Drackley et al., 2001; Hammon et al., 2009 ) and NEFA may stimulate hepatic PC gene expression by activating PC promoter 1 (White et al., 2011) . Indeed, a positive association was observed between PC mRNA abundance and plasma NEFA concentrations at 14 DIM. Interestingly, the increase in PC mRNA abundance at parturition was greater when cows had reduced energy intake before parturition (Loor et al., 2006) , which supports findings in HI cows.
The delayed increase in PCK1 mRNA abundance after parturition supports previous findings (Greenfield et al., 2000; Karcher et al., 2007; Hammon et al., 2009) and, as mentioned above, is different from the increase in PCK2 mRNA abundance at parturition, as seen previously (van Dorland et al., 2009) . Time changes in PCK2 gene expression around parturition were shown in some (van Dorland et al., 2009; Graber et al., 2010) , but not in all studies (Agca et al., 2002; Hammon et al., 2009) . Because lactate is the preferred precursor when phosphoenolpyruvate is synthesized from oxaloacetate by mitochondrial phosphoenolpyruvate carboxykinase (Hanson and Reshef, 1997; Aschenbach et al., 2010) , our findings support the importance of lactate as substrate for gluconeogenesis after parturition in dairy cows, when propionate availability is low (Reynolds et al., 2003; Doepel et al., 2009; Aschenbach et al., 2010) . The decelerated increase in PCK1 mRNA may reflect the postnatal increase in DMI and the elevated use of propionate as substrate for gluconeogenesis, as discussed in previous studies (Greenfield et al., 2000; Reynolds et al., 2003; Hammon et al., 2009) . Time changes relative to parturition were also described for G6PC (Cedeño et al., 2008; Graber et al., 2010) . In our study, the time course of hepatic G6PC mRNA abundance differed from other gluconeogenic enzymes, as the increase started at the same time as seen for PC and PCK2 mRNA, and was still elevated up to 49 DIM, as seen for PCK1 mRNA. Surprisingly, only weak time changes were seen for PCCA mRNA abundance. In our study, differences in DMI were obviously not high enough to affect mRNA abundance, which was especially expected for PCCA due to differences in propionate availability with respect to changes in DMI (Bergman, 1990; Aschenbach et al., 2010) .
Gene expression of PCK1, PCK2, G6PC, and PCCA was not affected by LFC, indicating that hepatic fat content and body fat mobilization did not influence gene expression of these enzymes. However, elevated LFC depressed phosphoenolpyruvate carboxykinase enzyme activities in cows with induced fatty liver around parturition (Rukkwamsuk et al., 1999) . Although Murondoti et al. (2004) described impaired activities of gluconeogenic enzymes in liver with elevated fat content, changes in enzymatic activities in the liver of ketotic cows with elevated LFC were surprisingly low (Baird et al., 1968) and gene expression of enzymes involved in gluconeogenesis was not depressed in a recent study and in the present study.
Regulation of hepatic gene expression of gluconeogenic enzymes is under substrate and endocrine control and differs from that of monogastric animals (McDowell, 1983; Brockman and Laarveld, 1986; Aschenbach et al., 2010) . However, the number of correlations of metabolites and hormones with mRNA abundance of gluconeogenic enzymes changed with time and was generally lower during the transition from pregnancy to lactation. Abundance of PC mRNA was positively associated with the glucagon:insulin ratio in plasma only on d −15 and with plasma cortisol concentrations only on d 1. Both associations may have contributed to stimulation of hepatic PC mRNA abundance (Jitrapakdee and Wallace, 1999) . Except for the negative relation between PC mRNA and plasma glucose on d 14, glucose had less effect on mRNA abundance of gluconeogenic enzymes in our study. In support of our findings, plasma glucose concentrations were not associated with protein concentrations of gluconeogenic enzymes in the liver of dairy cows (Sejersen et al., 2012) . Changes in the glucose and insulin status in dairy cows by glucose or insulin treatment, or both, indicated only minor changes in gene expression of gluconeogenic enzymes, implying less regulation of gene expression of gluconeogenic enzymes by the glucose and insulin status in dairy cows around parturition (Al-Trad et al., 2010; Kreipe et al., 2011) . On the other hand, a negative relationship was observed between hepatic glycogen concentration and particularly PC mRNA abundance during lactation, pointing at a feedback mechanism of stored hepatic glycogen on gluconeogenesis.
Overall, changes in gene expression after parturition and with regard to elevated LFC did not indicate impaired gluconeogenesis in the current study, which supports recent data Sejersen et al., 2012) , but gene expression responds to the metabolic status of the liver with distinct changes in gluconeogenic enzymes.
Associations of Metabolites and Hormones and Effects of Fat Mobilization on Gene Expression of Hepatic Enzymes Involved in FA Oxidation, Ketogenesis, and Cholesterol Synthesis and Their Regulation
Long-chain FA must be activated by ACSL-1, before they can be transported into the mitochondria via CPT1A, and a trans-αβ double bond can be formed by ACADVL to start mitochondrial β-oxidation (Voet and Voet, 1995) . In our study, the mRNA abundance of ACSL1, CPT1A, and ACADVL increased in all LFC groups after parturition, which is in agreement with previous studies (Loor et al., 2005; van Dorland et al., 2009; Graber et al., 2010) . Overall, our data on gene expression of enzymes involved in β-oxidation pointed at postcalving stimulation of hepatic FA oxidation to cover energy demands in the liver, especially for gluconeogenesis (Loor, 2010) . Elevated CPT1 activities (Mizutani et al., 1999; Dann and Drackley, 2005 ) and a greater protein expression of ACSL-1 (Sejersen et al., 2012) in the liver were seen in cows with elevated LFC. However, because differences in gene expression of enzymes involved in hepatic β-oxidation were weak with respect to LFC classification in our study, we concluded that cows with variable LFC may not suffer from impaired hepatic FA oxidation.
Correlations of LFC with enzymes involved in hepatic β-oxidation did not behave in a consistent manner (i.e., LFC was positively associated with CPT1A on d 14 and 49, but was negatively associated with ACSL1 on d 1 and ACADVL on d 28). Correlations of genes involved in hepatic β-oxidation with metabolites and hormones changed with time, and the number of correlations was highest on d −56, when positive associations between mRNA abundance of ACSL1 and ACADVL and plasma concentrations of NEFA, BHBA, as well as plasma cortisol were seen. With one exception on d 1, these correlations disappeared around parturition and during early lactation. On the other hand, plasma adrenaline concentrations were positively correlated with CPT1A mRNA abundance on d −15 and 28, respectively, supposing some endocrine regulation of factors involved in β-oxidation, but not around parturition.
Hepatic gene expression of HMGCS2, which is involved in ketogenesis (Voet and Voet, 1995) , changed over time and did not comply with plasma concentrations of BHBA before parturition, but both plasma BHBA and hepatic HMGCS2 mRNA increased with the onset of lactation (Weber et al., 2013) . Time changes of hepatic HMGCS2 mRNA during transition 5679 from pregnancy to lactation were as described recently (van Dorland et al., 2009 ). The huge increase of plasma BHBA concentrations in blood and acetone concentrations in milk after parturition in HI cows (Weber et al., 2013) was not reflected by changes in hepatic HMGCS2 gene expression. Furthermore, HMGCS2 gene expression did not correlate with BHBA in blood plasma and acetone in milk at single time points during lactation. The absence of such correlations was also seen by van Dorland et al. (2009) . Interestingly, hepatic HMGCS2 gene and protein expression were reduced in ketotic dairy cows, indicating a negative feedback mechanism due to BHBA plasma concentrations (Li et al., 2012) .
Gene expression of HMGCS1 increased around parturition, whereas plasma concentrations of cholesterol strongly decreased at parturition in all LFC groups (Weber et al., 2013) . The cytosolic form of HMGCS is involved in cholesterol synthesis in the liver, besides 3-hydroxy-3-methyl-glutaryl-CoA reductase, mevalonate kinase, and farnesyl diphosphate synthase, which all increased in dairy cows at parturition (Viturro et al., 2009; Schlegel et al., 2012) . No significant correlations were found between plasma cholesterol and hepatic HMGCS1 mRNA in our study, as also indicated by van Dorland et al. (2009) . Therefore, our study does not allow us to conclude an impaired hepatic cholesterol synthesis in cows with elevated LFC, but other factors such as onset of milk production may have contributed to increased hepatic gene expression of HMGCS1 (Viturro et al., 2009) .
Nuclear receptors such as PPARA and SREBF1 are ligand-activated transcription factors that are involved in lipid metabolism around parturition in dairy cows, either stimulating β-oxidation and ketogenesis with NEFA as ligand (PPARA) or lipogenesis (SREBF1; Desvergne et al., 2006; Loor, 2010) . Gene expression of PPARA in our study hardly changed with time. Absence of time effects was mentioned previously (van Dorland et al., 2009 ), but several studies indicated elevated gene expression of PPARA after parturition and with increased plasma concentrations of NEFA (Loor et al., 2005; Graber et al., 2010) . The decrease in SREBF1 mRNA abundance at d 1 in all LFC groups mirrored the reduced lipogenic activities in the liver of dairy cows around parturition and is supported by previous studies (Loor et al., 2005; Duske et al., 2009; Graber et al., 2010) .
Overall Relations of Extra-Hepatic Parameters to Hepatic Factors Involved in Energy Metabolism During the Transition Period
Milk parameters such as milk protein and lactose and DMI showed the strongest relationship to hepatic factors, particularly at 14 DIM when energy balance was lowest for all cows due to insufficient DMI (Weber et al., 2013) . The large number of correlations between milk ingredients and hepatic factors pointed at the high nutrient priority of the mammary gland for milk synthesis that is well known in lactating cows (Goff and Horst, 1997; Bauman, 2000; Drackley et al., 2001 ). In addition, the great number of positive correlations between DMI and hepatic factors at 14 DIM indicated the importance of nutrient supply for sustaining hepatic function on energy metabolism (Ingvartsen and Andersen, 2000; Drackley et al., 2001) .
On the other hand, numbers of correlations between hormones and hepatic factors in general were low. At dry off, most correlations were seen for cortisol and noradrenaline, at parturition for glucagon and insulin, at 14 DIM for noradrenaline, and at 28 DIM for adrenaline. In part, associations between hormones and hepatic factors were contrary to that which is known from text books (Brockman and Laarveld, 1986; Donkin, 1999;  e.g., the negative correlations of noradrenaline with mRNA abundance of gluconeogenic enzymes at d −56 and at parturition and the positive correlations of insulin with gluconeogenic enzyme expression at parturition). Obviously, these correlations represent negativefeedback mechanisms, but further investigations are necessary to explain their relationships. Interestingly, correlations of liver glycogen concentrations with gene expression of factors involved in energy metabolism increased with time postpartum, which may point at direct substrate regulation due to the improved energy status with ongoing lactation.
CONCLUSIONS
Cows differing in body fat mobilization around parturition indicated clear differences in postcalving hepatic PC gene expression, whereas gene expression involved in hepatic fat metabolism and transcription factors related to fat metabolism were less affected. Low LFC in LO cows was linked to fewer changes, especially in hepatic PC mRNA, during the transition period; thus, LO cows may require less hepatic adaptation during the transition period than HI and MED cows with respect to hepatic carbohydrate metabolism. Differences in LFC among cows were probably not the result of impaired FA oxidation in liver, because differences in gene expression related to β-oxidation were weak, but were not impaired with respect to LFC. Our study pointed out a distinct effect on adaptation of hepatic glucose metabolism, but fewer changes in FA oxidation in cows with variable fat mobilization during the transition from pregnancy to lactation.
